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A B S T R A C T
Coagulase-negative staphylococci (CNS) are involved in colour and ﬂavour formation of fermented meats. Their
communities are established either spontaneously, as in some artisan-type products, or using a starter culture.
The latter usually consists of Staphylococcus carnosus and/or Staphylococcus xylosus strains, although strains from
other CNS species also have potential for application. However, it is not entirely clear how the ﬁtness of al-
ternative starter cultures within a fermented meat matrix compares to conventional ones and how this may be
aﬀected by processing conditions. Therefore, the aim of this study was to assess the inﬂuence of two key pro-
cessing conditions, namely temperature and acidity, on the competitiveness of a cocktail of ﬁve diﬀerent strains
of CNS belonging to species that are potentially important for meat fermentation (Staphylococcus xylosus 2S7-2,
S. carnosus 833, Staphylococcus epidermidis ATCC 12228, Staphylococcus equorum DFL-S19, and Staphylococcus
saprophyticus FPS1). To this end, fermented meat models consisting of cured meat batters with initial pH values
of 5.3, 5.5, or 5.7 were inoculated with these strains, stuﬀed in containers, and incubated at 23, 30, or 37 °C.
Both the pH level and the temperature inﬂuenced the composition of the CNS communities, giving a competitive
advantage to the best adapted species. Staphylococcus xylosus preferred low temperature and mild acidity,
whereas an elevated temperature selected for S. epidermidis and a low pH for S. carnosus. Under the conditions
tested, S. saprophyticus and S. equorum were outcompeted by the three other CNS species. Hence, CNS com-
munities in fermented meats are not only established based on the initial presence of speciﬁc species in the meat
batter but also by their subsequent adaptation to the processing conditions during fermentation, potentially
overruling the use of starter cultures.
1. Introduction
During meat fermentation, the key bacterial groups are the lactic
acid bacteria (LAB), which lower the pH of the meat matrix, and the
coagulase-negative staphylococci (CNS), which contribute to colour
and ﬂavour of the end-products (Leroy et al., 2006; Sánchez Mainar
et al., 2017; Talon and Leroy, 2014). In traditional fermented meat
products, which often rely on spontaneous fermentation and are valued
for their distinct sensory qualities, a diversiﬁed staphylococcal eco-
system has been described (Aquilanti et al., 2016; Chevallier et al.,
2006; Fonseca et al., 2013a; Greppi et al., 2015; Iacumin et al., 2006,
2012). Although Staphylococcus equorum, Staphylococcus saprophyticus,
and Staphylococcus xylosus are often the main species, a wide range of
several other subdominant CNS species have been found. In an in-
dustrialised context, starter cultures provide a common and convenient
strategy to obtain a uniform end-product quality (Talon and Leroy,
2011). In Europe, starter cultures habitually consist of a restrictive se-
lection of strains of Lactobacillus sakei, together with Staphylococcus
carnosus and/or S. xylosus (Leroy et al., 2006; Ravyts et al., 2012).
Because it is often supposed that this leads to a limited product dif-
ferentiation, the use of wild-type strains isolated from traditional fer-
mented meat products has been proposed as an alternative (F. Leroy
et al., 2013; S. Leroy et al., 2013; Leroy et al., 2015; Villani et al., 2007).
Dedicated in vitro studies have been carried out to characterize and
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evaluate strains of CNS that may oﬀer beneﬁts related to, for instance,
proteolytic or lipolytic activities, aroma formation, colour generation,
or the production of antimicrobials (Babić et al., 2011; Cachaldora
et al., 2013; Casaburi et al., 2005; López et al., 2015; Martín et al.,
2007; Marty et al., 2012; Mauriello et al., 2004; Papamanoli et al.,
2002; Sánchez Mainar et al., 2014, 2016; Stavropoulou et al., 2015;
Villani et al., 2007). In addition, autochthonous CNS strains have been
tested as potential starter cultures for meat fermentation, including
strains belonging to the species S. equorum (Bonomo et al., 2011;
Fonseca et al., 2013b; Talon et al., 2008; Villani et al., 2007), S. sa-
prophyticus (Fonseca et al., 2013b, 2013c), and S. xylosus (Casaburi
et al., 2008; Di Maria et al., 2002; Gardini et al., 2002; Mauriello et al.,
2002). Less commonly isolated CNS species, such as Staphylococcus
epidermidis (Fonseca et al., 2013b, 2013c), Staphylococcus succinus
(Talon et al., 2008; Villani et al., 2007), and Staphylococcus vitulinus
(Casquete et al., 2011; Prpich et al., 2016) have also been explored.
However, these added starter cultures have not been monitored in de-
tail during the meat fermentation process, with only a few studies
considering their evolution after meat batter inoculation (Di Maria
et al., 2002; Fonseca et al., 2013c; Talon et al., 2008). Such analyses
may nonetheless be of importance, as the ability of CNS starter cultures
to govern the fermentation is not always guaranteed. In the case of a
low intrinsic competitiveness of the added starter cultures, the latter
risk being outcompeted by a more adapted background microbiota
(Fonseca et al., 2013c; Sánchez Mainar and Leroy, 2015; Villani et al.,
2007). The ﬁtness of CNS during meat fermentation is a function of the
production parameters, although only few studies have examined how
CNS communities are shaped by process technology (Janssens et al.,
2013). Conditions of potential relevance include, among others, the
concentration of curing salt, the fermentation temperature, the degree
of acidiﬁcation driven by the concentration of fermentable carbohy-
drates, the optional inclusion of moulding or smoking, and the intensity
of drying (Leroy et al., 2014).
The aim of this study was to assess the eﬀects of two main proces-
sing conditions, namely temperature and acidity, on the prevalence of a
cocktail of CNS composed of ﬁve diﬀerent strains representing ﬁve
diﬀerent species in a meat model system.
2. Materials and methods
2.1. Bacterial strains and inoculum build-up
Five diﬀerent CNS strains were used in this study, namely S. car-
nosus 833, S. epidermidis ATCC 12228, S. equorum DFL-S19, S. sapro-
phyticus FPS1, and S. xylosus 2S7-2. These strains have been isolated
from fermented meat products previously (Montel et al., 1992; Ravyts
et al., 2010), except for S. epidermidis ATCC 12228 of which the source
is unknown (Zhang et al., 2003). The choice of the CNS species was
based on either their application as conventional starter cultures (S.
carnosus and S. xylosus) or their natural prevalence during spontaneous
fermentation (S. equorum, S. saprophyticus, and S. xylosus). Hereby, S.
xylosus stands out, as it belongs to both categories. Also, a strain of S.
epidermidis was included to represent a species that is only occasionally
encountered in fermented meats. All strains were present in the culture
collection of the research group of Industrial Microbiology and Food
Biotechnology (Vrije Universiteit Brussel, Brussels, Belgium) and were
stored at−80 °C in glycerol-containing (25%, v/v) brain heart infusion
(BHI) medium (Oxoid, Basingstoke, Hampshire, UK). Their authenticity
was conﬁrmed on species level by sequencing of the rpoB gene from
genomic DNA (Braem et al., 2011). For the inoculum build-up, the
strains were propagated in BHI medium twice and incubated at 30 °C
for 12 h. The precultures were then inoculated (1%, v/v) into BHI
medium at 30 °C for 12 h to obtain the ﬁnal inoculum. A diﬀerent vo-
lume of the ﬁnal culture was used to obtain inoculation levels within
the same order of magnitude for all strains [about 7 log colony forming
units (CFU)/g]. The cell pellets were collected by centrifugation
(8041×g at 4 °C for 20min) and used as inoculum for the meat model
experiments after re-suspension in saline (0.85%, m/v, NaCl; VWR In-
ternational, Darmstadt, Germany).
2.2. Meat model preparation and experimental set-up
A meat batter was prepared by mixing fresh pork mince (around
9 kg, obtained from a local butcher), sodium chloride (3.0%, m/m;
VWR International), sodium nitrate (150mg/kg; VWR International),
and ascorbic acid (500mg/kg; Sigma-Aldrich, St. Louis, MO, USA). To
evaluate the impact of the initial pH, this mixture was divided into
three parts. A ﬁrst part had a pH of 5.7 (the original pH of the meat
batter), whereas the pH of the two other parts was adjusted with a 70%
lactic acid solution (Sigma-Aldrich) to either pH 5.5 or pH 5.3. The
meat batter was inoculated with a cocktail of all ﬁve CNS strains, each
member being present at approximately the same concentration
[107 colony-forming units per g (cfu/g)]. Finally, the meat mixture was
divided over 60-ml plastic containers (VWR International), containing
about 100 g per container (closed lid) to ﬁll up the volume and enable
fermentation in the absence of air. To simulate potential variations at
the level of the fermentation stage according to temperature, the con-
tainers were placed into three diﬀerent incubators, namely at 23, 30,
and 37 °C. Together with the variation in initial pH of the meat batter,
this set-up resulted in a combination of nine diﬀerent temperature-pH
scenarios. The fermentation was followed for 14 days and meat samples
were taken for analysis right before (0) and after (0′) inoculation, and
after 1, 2, 3, 7, and 14 days of incubation. For each time point, two
randomly selected containers were singled out. One sample per con-
tainer was taken for bacterial enumeration (duplicate data). For the pH
measurement, two measurements per container were performed in two
diﬀerent locations of the meat batter (quadruplicate data).
2.3. pH measurement
After sampling, the pH was measured directly in the meat batter
with a DY-P10 pH meter (Sartorius, Göttingen, Germany) equipped
with an insertion pH probe (VWR International).
2.4. Enumeration and isolation of microorganisms
Twelve grams of meat sample was aseptically transferred into a
stomacher bag (Seward, Worthington, UK) together with 108ml of
maximum recovery diluent [saline and 0.1% (m/v) bacteriological
peptone (Oxoid)]. This mixture was homogenized at maximum speed
for 2min in a Laboratory Blender Stomacher 400 (Seward). Appropriate
decimal dilutions in saline were prepared and spread on mannitol salt-
phenol-red agar (MSA; VWR International) and de Man-Rogosa-Sharpe
(MRS; Oxoid) agar, which were incubated at 30 °C for 48–72 h, to
enumerate presumptive CNS and LAB, respectively. The bacterial
counts were calculated from media containing 30 to 300 colonies, of
which 10–30% were randomly selected and picked up to follow the CNS
and LAB communities. The colonies obtained from MSA and MRS agar
were transferred into BHI and MRS medium, respectively, which were
incubated overnight at 30 °C to obtain grown cultures for DNA extrac-
tion as well as for storage at −80 °C in cryovials containing 25% (v/v)
of glycerol.
2.5. Classiﬁcation and identiﬁcation of bacterial isolates through (GTG)5-
PCR ﬁngerprinting of genomic DNA
Genomic DNA extraction from cell pellets, obtained by micro-
centrifugation at 13,000 rpm of 1.5ml of an overnight culture, was
performed with a Nucleospin 96 tissue kit (Macherey Nagel, Düren,
Germany), according to the manufacturer's instructions. Prior to ex-
traction, all cell pellets were washed with Tris-ethylene diaminote-
traacetic acid (EDTA)-sucrose buﬀer [TES buﬀer; 50 mM Tris base
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(Calbiochem, Darmstadt, Germany), 1 mM EDTA (Sigma-Aldrich), 6.7%
(m/v) sucrose (VWR International), pH 8.0]. Subsequently, (GTG)5-PCR
ﬁngerprints of the genomic DNA were obtained followed by image
analysis, as described previously (Braem et al., 2011). Numerical ana-
lysis of the ﬁngerprints obtained was performed with BioNumerics 5.1
software (Applied Maths, Sint-Martens-Latem, Belgium). Conﬁrmation
of the species identity assigned to each cluster was done by sequencing
of the 16S rRNA or rpoB genes of representative LAB or CNS isolates,
respectively, as described previously (Braem et al., 2011; Janssens
et al., 2013).
3. Results
3.1. Bacterial communities of the initial meat batter
The raw meat used for the meat model had an initial pH of
5.72 ± 0.02. The presumable LAB and CNS communities were esti-
mated on MRS agar and MSA as 5.76 ± 0.96 log cfu/g and
4.41 ± 0.22 log cfu/g, respectively. The native background population
of CNS before inoculation consisted mostly of S. equorum (47% of the 15
MSA isolates picked up; 98% sequence identity, accession number
KF113481.1), followed by S. saprophyticus (20% of the isolates; 99%
identity, accession number AP008934.1), and S. xylosus (13% of the
isolates; 99% identity, accession number CP008724.1). All other iso-
lates were bacteria other than staphylococci, mostly bacilli (96%
identity, accession number KX011931.1) and corynebacteria (97%
identity, accession numbers KU252658.1/KP114214.1). Concerning the
LAB communities, L. sakei was the only recovered member (98%
identity, accession number AP017931.1).
3.2. Inﬂuence of an initial pH 5.7 of the meat batter on the bacterial
community dynamics during meat fermentations at diﬀerent temperatures
In a ﬁrst set-up, the meat batter with an unadjusted initial pH value
of 5.7 was used and exposed to the three diﬀerent fermentation tem-
peratures examined (Fig. 1). For all three temperature scenarios, the pH
evolved according to a same overall pattern, composed of an initial
acidiﬁcation followed by an increase in pH. The pH dropped to its
lowest point of about 5.4 within three or two days for the fermentations
at 23 and 30 °C, respectively, followed by a respective increase to ﬁnal
values of 5.49 ± 0.01 and 5.62 ± 0.01 after 14 days. At the highest
temperature of 37 °C, the pH was ﬁrst reduced to 5.57 ± 0.01 after one
day of fermentation and then gradually increased towards 6.31 ± 0.06
by the end of the fermentation, largely exceeding the initial pH of the
meat batter. Growth of the presumable LAB, as measured on MRS agar,
coarsely matched the initial fall of the pH. At 23 and 30 °C, the re-
spective maxima of the bacterial counts on MRS agar of 8.42 ± 0.02
and 8.24 ± 0.03 log cfu/g were found after two days had elapsed,
while at 37 °C the maximum level was found after one day of fermen-
tation (7.90 ± 0.02 log cfu/g). These bacterial counts subsequently
declined to ﬁnal values of 8.15 ± 0.10, 7.76 ± 0.02, and
7.25 ± 0.02 log cfu/g for the experiments at 23, 30, and 37 °C, re-
spectively. An increase followed by a decrease in bacterial counts was
also found for the presumable CNS communities monitored on MSA. At
all temperature values, the CNS populations reached a maximum level
of about 8.0 log cfu/g, within the ﬁrst one (at 30 and 37 °C) or two (at
23 °C) days of fermentation. These bacterial counts subsequently de-
creased to fairly similar ﬁnal values of 7.06 ± 0.03, 6.82 ± 0.09, and
7.12 ± 0.15 log cfu/g, at 23, 30, and 37 °C, respectively.
In addition to a follow-up of the bacterial counts, the bacterial
community composition was estimated over time. Within the LAB
communities, most of the isolates were identiﬁed as L. sakei for all in-
cubation temperatures throughout the fermentation period (Table 1).
The remaining LAB isolates belonged to Lactobacillus curvatus (98%
sequence identity, accession number CP016602.1), Pediococcus pento-
saceus (98% identity, accession number CP021927.1), and Weissella sp.
(96% identity, accession number AB680902.1). They appeared mainly
after one week of fermentation, in percentages smaller than 40% of the
total MRS isolates. Lactobacillus curvatus was only recovered from the
fermentation at 37 °C, emerging after 14 days, whereas P. pentosaceus
was only found at day 7 of the fermentation at 30 °C. Finally, aWeissella
species emerged in small proportions at day 7 at all temperatures in-
vestigated, except for the fermentation at 30 °C, for which it was al-
ready present after 3 days of fermentation. Besides the LAB, the dif-
ferent CNS communities were also monitored during the fermentation
for each temperature scenario (Fig. 1). All of the ﬁve inoculated species
were recovered at the beginning of the fermentation, which was fol-
lowed by a temperature-dependent shift in prevalence over time. For
every temperature scenario, S. equorum and S. saprophyticus were not
competitive enough and did not subsist beyond the ﬁrst day of fer-
mentation. At 23 °C, S. xylosus took the lead of the CNS communities
after only 1 day of fermentation, representing more than 80% of the
total MSA isolates at that stage. Staphylococcus epidermidis (100% se-
quence identity, accession number NC_002976.3) as well as S. carnosus
(98% identity, accession number AM295250.1) were also present but in
lower percentages, whereby their levels ﬂuctuated between 11 and 42%
of the total MSA isolates per time point. The relative abundance of S.
carnosus increased gradually during the fermentation, although S. xy-
losus still represented more than half of the MSA isolates after 14 days.
When fermentation temperatures of 30 or 37 °C were applied, the
community evolutions were diﬀerent. A stimulation of S. epidermidis
was encountered throughout the fermentation period, at the expense of
S. carnosus and, especially, S. xylosus. Also, an emergence of Staphylo-
coccus lugdunensis (99% sequence identity, accession number
FR870271.1) from the background microbiota was found in the later
stages of the fermentation, reaching a prevalence of 11–21% of the MSA
isolates. Whereas the latter species was only found after two weeks for
the fermentation at 30 °C, it already appeared after one week when the
fermentation was carried out at 37 °C.
3.3. Inﬂuence of an initial pH 5.5 of the meat batter on the bacterial
community dynamics during meat fermentations at diﬀerent temperatures
For the batch that was adjusted to a slightly more acidic initial pH of
5.5, a similar follow-up of the acidiﬁcation proﬁles was performed at all
three fermentation temperatures (Fig. 2). At 23 °C, the pH dropped to its
lowest point of 5.25 ± 0.01 after seven days of fermentation, whereas
at 30 and 37 °C it took three days to reach a pH of 5.34 ± 0.01 and
5.40 ± 0.02, respectively. The pH then rose to 5.37 ± 0.01,
5.57 ± 0.01, and 5.78 ± 0.07, for the meat fermentation experiments
at 23, 30, and 37 °C, respectively.
At 23 °C, the overall growth of presumable LAB reached a count
level of 8.20 ± 0.01 after 3 days, leading to a maximum of
8.31 ± 0.21 log cfu/g after two weeks. At 30 and 37 °C, the counts on
MRS agar after 2 and 3 days equalled 8.29 ± 0.05 and
8.01 ± 0.06 log cfu/g, respectively. Eventually, after two weeks of
fermentation, the respective bacterial counts amounted to 7.73 ± 0.17
and 7.09 ± 0.03 cfu/g. For the batches incubated at 23 and 30 °C, the
CNS population increased to around 8.0 log cfu/g after two days of
fermentation and then decreased almost one log value to about
7.0 log cfu/g by day 14. At 37 °C, the CNS population reached
8.14 ± 0.16 log cfu/g after 1 day of fermentation and then rapidly
declined to 6.38 ± 0.08 log cfu/g.
As in the raw meat, but in contrast to the fermentation at the highest
initial pH examined, the LAB communities were completely dominated
by L. sakei, which was the only LAB species recovered from MRS agar.
One exception was encountered after 14 days during the fermentation
at 37 °C, for which P. pentosaceus emerged, albeit in a very low pro-
portion (Table 1). Concerning the CNS community dynamics (Fig. 2), at
the lowest temperature examined, S. xylosus became the most prevalent
species after one day of fermentation (54% of the total isolates), but
slowly decreased in prevalence. In contrast, S. carnosus, S. saprophyticus,
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and S. equorum became somewhat more important at fermentation day
2, reaching 42, 12, and 7%, respectively. As the fermentation pro-
ceeded, S. carnosus gained more importance still and represented more
than 60% of the total MSA isolates after seven days of fermentation. At
the end of the fermentation, however, S. xylosus increased once again to
a level of 29% of the total MSA isolates, resulting in co-prevalence with
S. carnosus. In contrast, S. equorum and S. saprophyticus disappeared
after fermentation days 3 and 7, respectively. Staphylococcus epidermidis
was present throughout the entire meat fermentation process, but its
contributing percentage was less than 20% of the total MSA isolates
and, ﬁnally, decreased below 5%. Isolates belonging to the genus Ba-
cillus (96% sequence identity, accession number KX011931.1) were
recovered from MSA after 7 days of fermentation (6%) and by the end
of the fermentation their population increased to 29% of the total MSA
isolates. When the fermentation temperature was set at 30 °C, S. car-
nosus gradually took over the lead of the CNS community to achieve an
almost full dominance after two weeks of fermentation. Besides some
very small initial presence of S. saprophyticus until fermentation day 2,
only S. xylosus and S. epidermidis were still present in considerable
proportions before being taken over by S. carnosus. At 37 °C, all the
inoculated CNS species could be recovered after two days of fermen-
tation but the largest share of the community consisted of S. carnosus
and S. epidermidis, who both prevailed during the entire fermentation
period. During fermentation, S. equorum and S. saprophyticus gradually
disappeared after two and three days, respectively, whereas S. xylosus
was still found after two weeks. After the ﬁrst week of fermentation, S.
lugdunensis emerged from the background microbiota and became even
more manifest at the end of the fermentation period. Thus, after 14 days
of fermentation, the CNS community was composed of S. carnosus
(21%), S. epidermidis (35%), S. lugdunensis (29%), and S. xylosus (15%).
3.4. Inﬂuence of an initial pH 5.3 of the meat batter on the bacterial
community dynamics during meat fermentations at diﬀerent temperatures
In a ﬁnal experimental set-up, meat batters with a quite acidic initial
pH of 5.3 were used (Fig. 3). When the fermentation temperature was
only 23 °C, the pH remained more or less stable, obtaining its lowest
value of 5.24 ± 0.01 after 1 day of fermentation. At 30 and 37 °C, a
slight initial pH decrease was followed by a respective elevation to
5.49 ± 0.01 and 5.68 ± 0.01 after 14 days of fermentation. The
bacterial counts on MRS agar raised to 8.41 ± 0.08, 8.23 ± 0.04, and
7.90 ± 0.17 log cfu/g when the meat batter was incubated at 23, 30,
and 37 °C, respectively. A succeeding decline was found for all meat
fermentation batches, resulting in ﬁnal values of 8.21 ± 0.01 log cfu/g
at 23 °C, 7.48 ± 0.11 log cfu/g at 30 °C, and 7.10 ± 0.03 log cfu/g at
37 °C. When the fermentation temperature was set at 23 °C, the MSA
counts did not increase beyond 7.50 ± 0.02 log cfu/g (day 2), which
was followed by a decline to 6.54 ± 0.25 log cfu/g after 14 days of
fermentation. For the meat batters placed at higher fermentation tem-
peratures, the bacterial counts on MSA increased to around
8.1–8.2 log cfu/g after the ﬁrst day of fermentation and then decreased
to ﬁnal values of 5.98 ± 0.27 log cfu/g at 30 °C and
6.55 ± 0.09 log cfu/g at 37 °C.
Even though L. sakei was once more the most prevailing species of
the LAB community, other members emerged sporadically (Table 1). At
the lowest temperature of 23 °C, L. sakei was the only LAB species re-
covered from all samples throughout fermentation. A rather similar
ﬁnding was obtained for the meat batter incubated at 30 °C, although
Lactobacillus paracasei (98% sequence identity, accession number
KU315088.1) was also present after 14 days of fermentation at a low
level. At 37 °C, the diversity was more pronounced, with L. paracasei
Fig. 1. Species diversity, MRS agar (triangles) and MSA (squares) counts, and pH evolution (diamonds) of a meat batter with an initial pH of 5.7, inoculated with a cocktail of ﬁve strains
of coagulase-negative staphylococcal species (S. carnosus 833, S. epidermidis ATCC 12228, S. equorum DFL-S19, S. saprophyticus FPS1, and S. xylosus 2S7-2), and incubated at 23, 30, and
37 °C for 14 days. The species diversity is displayed as the relative abundance, which is calculated based on the number of isolates (N) picked up from the agar media per time point.
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found at fermentation day 3 as well as a mixture of L. curvatus and an
Enterococcus species (97% identity, accession number AJ874342.1) at
day 14. With respect to the CNS community, S. carnosus and S. epi-
dermidis were the two main species (Fig. 3). Whereas S. carnosus was the
most prevalent species at 23 °C, constituting almost the entire CNS
population, S. epidermidis was mostly prevalent at 37 °C. At 30 °C, both
CNS species obtained a more or less equal representation after two
weeks of fermentation. Most samples also contained a minor fraction of
S. xylosus, but S. equorum and S. saprophyticus were not recovered at any
time point, except just after inoculation.
4. Discussion
Because of the disparity in formulation and processing conditions,
traditional fermented meats form a very diverse group of food products
(Leroy et al., 2015). This variability is often also reﬂected in the com-
position of the associated microbial communities. With respect to the
LAB communities, L. sakei is known as the most prevalent species in
European fermented meat products, although other species such as L.
curvatus are also found (Aquilanti et al., 2016). In the present study, the
LAB communities spontaneously evolved towards a prevalence of L.
sakei, but some occasional and minor presence of enterococci, pedio-
cocci, and weissellas was also encountered. Such bacteria have indeed
been previously identiﬁed from spontaneously fermented meats, but
only within the subdominant microbiota (Aquilanti et al., 2016; F.
Leroy et al., 2013; S. Leroy et al., 2013). With respect to bacterial
species diversity, the communities are usually more restricted for LAB
than for CNS, although this also may depend on whether or not a starter
culture is used (Aquilanti et al., 2016; Sánchez Mainar et al., 2017).
Whereas industrial products are in most cases prepared with starter
cultures containing S. carnosus and/or S. xylosus, the CNS communities
of spontaneously fermented artisan-type variants are mostly dominated
by S. equorum, S. saprophyticus, and/or S. xylosus (Sánchez Mainar et al.,
2017). In the present study, in which the meat batter was inoculated
with a cocktail of ﬁve CNS species, only S. carnosus, S. epidermidis, and
S. xylosus were manifestly prevalent during fermentation, but with a
clear dependency on the temperature and pH conditions applied. In
contrast, S. equorum and S. saprophyticus were not able to maintain
themselves throughout fermentation in meaningful proportions in the
range of the temperature and pH values tested.
The ﬁnding that S. xylosus was the most prevalent CNS species only
when a temperature of 23 °C and an initial pH of 5.7 were applied,
corresponded with the usual practices in Mediterranean-type meat
fermentations. Indeed, S. xylosus is regularly encountered in Italian and
Spanish traditionally fermented sausages, for which relatively low
temperatures and mild acidiﬁcation proﬁles are applied (Blaiotta et al.,
2004; García-Varona et al., 2000; Rantsiou et al., 2005). Although S.
xylosus was also systematically found at the lower pH and higher
temperature values in the present study, it lost most of its competitive
advantage towards S. carnosus and S. epidermidis under such processing
conditions.
Staphylococcus carnosus was at its most competitive behaviour
during fermentations of the meat batters with a reduced initial pH of
5.5. In addition, the latter CNS species was also the most prevalent one
at the lowest initial pH of 5.3, provided that the temperature was set at
23 °C. Staphylococcus carnosus is indeed known for its ability to survive
and prevail in highly-acidiﬁed meat products, to the expense of other
less acid-tolerant CNS species (Aymerich et al., 2003; Janssens et al.,
2012; Ravyts et al., 2010; Stahnke et al., 2002). In spontaneously fer-
mented sausages, however, this CNS species is restricted to the sub-
dominant microbiota (Corbière Morot-Bizot et al., 2006; Martín et al.,
2007; Papamanoli et al., 2002), although its genome shows adaptation
to the meat processing environment (Rosenstein and Götz, 2010).
Outside the competitive range of S. carnosus and S. xylosus, the
ecological niche of the fermenting meat batter was mostly taken over by
S. epidermidis. This was particularly the case at 30–37 °C, when anTa
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initial pH of either 5.3 or 5.7 was applied. At pH 5.5, however, com-
petition with S. carnosus was more thorough, and S. epidermidis only
made it till co-prevalence at 37 °C. Such conditions are not all that re-
levant for European-style fermented sausages but rather relate to North-
American process variants where temperatures up to 40 °C can be ap-
plied (F. Leroy et al., 2013; S. Leroy et al., 2013). The fact that S. epi-
dermidis was more prominently present at the highest temperatures
investigated is in tune with its frequent isolation from human and
mammal skin (Otto, 2009). This CNS species has been described as an
opportunistic skin pathogen (Widerström, 2016), but is nevertheless
also commonly found in fermented sausages, albeit mostly in relatively
low numbers (Coppola et al., 2000; García-Varona et al., 2000; Iacumin
et al., 2006) and, as mentioned above, fails to dominate below 30 °C.
The ﬁtness of both S. carnosus and S. epidermidis at acidic pH values may
tentatively be coupled to the common presence of arginine deiminase
and decarboxylase activities within these two CNS species (Janssens
et al., 2014; Sánchez Mainar et al., 2014; Stavropoulou et al., 2015).
Although the absence of distinction on intraspecies level is one of
the limitations of the present study, it is likely that the starter culture
strains inoculated were the ones encountered during the fermentation,
at least due to their high inoculation level. It can, however, not be
excluded that strains from the background microbiota took over the
fermentation at some point, which would require further dedicated
studies with adapted methodologies. In support of this possibility, a
sudden surge from S. lugdunensis was seen at some of the later stages of
the meat fermentations at pH 5.5 and 5.7, especially at the highest
temperatures examined. Although this CNS species is often regarded as
an opportunistic pathogen (Böcher et al., 2009), it has been recovered
from fermented sausages in former studies as a minority species
(Coppola et al., 2000).
On ﬁrst sight, it was somewhat surprising to note that neither S.
saprophyticus or S. equorum were competitive in any of the set-ups
performed. This is particularly the case since both are frequently among
the most commonly isolated CNS species from traditional fermented
sausages (Bermúdez et al., 2012; Blaiotta et al., 2004; Janssens et al.,
2013; Leroy et al., 2009; Mauriello et al., 2004; Papamanoli et al.,
2002). In this context, it is important to point out that S. saprophyticus
and S. equorum are usually present in relatively high numbers in raw
pork, in contrast to S. carnosus and S. epidermidis (Hedman et al., 1990;
Janssens et al., 2013). It seems, therefore, that under the conditions
investigated the former two CNS species are easily overruled by the
latter two ones, if they are added as a starter culture. Conversely, it can
be speculated that S. carnosus and S. epidermidis are hardly encountered
in spontaneous meat fermentations, because of their low presence in
raw pork at the beginning of the process (Janssens et al., 2012).
In conclusion, CNS communities in fermented meats are not only
established based on the initial presence of speciﬁc species in the meat
batter but also by their subsequent adaptation to the processing con-
ditions during fermentation, potentially overruling the use of common
starter cultures. Future research should investigate whether the CNS
communities display further shifts at even lower temperatures, as may
occur in certain artisan-type fermentations, or when dynamic tem-
perature proﬁles or other process variations (e.g., changes in salt con-
centration) are applied to further approximate reality.
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